Objectives: To identify the variables that predict death/physiologic bronchopulmonary dysplasia (BPD) in preterm infants with severe respiratory failure.
Introduction
Preterm infants with respiratory failure are at high risk of mortality or morbidity. Inhaled nitric oxide (iNO) may improve ventilationperfusion mismatch and oxygenation, lower pulmonary arterial pressures, reduce lung inflammation, and thereby attenuate the pathophysiology of respiratory distress syndrome and bronchopulmonary dysplasia (BPD). The recent NICHD (National Institute of Child Health and Human Development) trial of iNO in preterm infants did not show a difference in the primary outcome of BPD or death between the control and the iNO groups. 1 However, post hoc analysis of data from this trial indicated that iNO may benefit very low birth weight infants with certain characteristics (birth weight >1000 g) but may worsen outcome in other very low birth weight infants (for example, birth weight <1000 g, on conventional ventilation). 1 Other recent trials of iNO in premature infants [2] [3] [4] indicate that iNO may benefit some premature infants, especially when used for longer durations. 4 To design new clinical observational and interventional studies, it is important to determine and identify clinical variables associated with a worse outcome. Previous small studies have indicated that a lack of initial response was predictive of death. 5 In the NICHD trial, response to study gas was defined by the change in PaO 2 between baseline and 30 min of initiating iNO without any alterations in ventilator or oxygen settings. 1 A complete response was an increase of more than 20 mm Hg; a partial response, an increase of 10 to 20 mm Hg and no response, an increase of less than 10 mm Hg. However, the degree of response was arbitrarily defined, and it is possible that a different magnitude of response (for example, 30 or 40 mm Hg) may be associated with improved survival and a decreased incidence of BPD.
Classification and Regression Tree (CART) analysis is a statistical method that develops intuitive diagrams for identification of risk factors, prognosis or similar patterns in data. By recursive partitioning and automatic selection of optimal cut points of variables, a classification tree is developed with a series of binary splits. When applied to data containing patients with the outcome of interest (cases) and those without (controls), each binary split in a classification tree yields two subgroups, one with a higher proportion of cases and the other with a higher proportion of controls. A major advantage of CART analysis as compared to other statistical methods such as regression analysis is that no empirical cut points for any of the variables are chosen, but the most optimal cut point for each variable is determined by the software using the available data. Also, the more closely associated a variable is in relation to outcome the higher it is on the decision tree, and this facilitates the identification of the relative importance of variables. CART models are designed to handle a large number of predictor variables without making assumptions about the relative importance of each variable, and this technique does not assume that data are linearly related. CART analysis is an excellent method for initial data exploration and the results are resistant to the influence of outlier data. Decision trees may also be easier for clinicians to use, as compared to regression models, as they do not require equations or calculations but merely following the tree from beginning to end with decisions being made at each node based on available clinical data.
Using the two complementary approaches of stepwise logistic regression and CART analysis, our objective was to determine if the magnitude of initial improvement in PaO 2 in response to iNO predicts death and/or BPD and to identify other variables that predict death and/or BPD. We hypothesized that little improvement in oxygenation and an increasing severity of respiratory failure (as measured by oxygenation index (OI)) would be associated with death and/or BPD.
Methods
This study was a secondary analysis of data from the NICHD Inhaled Nitric Oxide for Premature Infants with Severe Respiratory Failure trial. 1 In this trial, 420 neonates born at less than 34 weeks of gestation, with birth weights of 401 to 1500 g and with severe respiratory failure more than 4 h after treatment with surfactant were randomly assigned to receive placebo (simulated flow) or iNO (5 to 10 ppm) in one of the participating centers (Appendix). 1 Infants with a response (an increase in the PaO 2 of more than 10 mm Hg) were managed according to the protocol. Treatment with study gas was discontinued in infants who did not have a response (an increase in the PaO 2 of less than 10 mm Hg). 1 The primary outcome of this ancillary study was death (defined as death before discharge to home or within 365 days among hospitalized infants) or physiologic BPD (defined as requiring supplemental oxygen at 36 weeks gestational age; infants not on mechanical ventilation and receiving less than 30 percent oxygen were assessed by performing a stepwise reduction in oxygen delivery to the lowest oxygen concentration at which the oxygen saturation measured by pulse oximetry remained at least 90 percent). 1, 6 Unlike the main trial, which defined BPD as oxygen use at 36 weeks, this ancillary study used the physiologic BPD endpoint in an attempt to reduce inter-center variation in the assessment and diagnosis of BPD. 6 To determine if the magnitude of initial improvement in PaO 2 in response to iNO predicts death/BPD and to identify the variables that predict death/BPD, we performed stepwise logistic regression using SAS software (SAS Institute Inc., Cary, NC, USA) on the full set of 420 study infants and on the iNO and control groups separately, with death or physiologic BPD as the outcome. The iNO and control groups were evaluated separately in addition to evaluating the full data set to determine if there were differences in predictors when the infants had been exposed to iNO. The variables listed for inclusion in the models are shown in Table 1 . These variables were the variables available at study gas initiation, as well as the magnitude of response to study gas (as a continuous variable). The treatment/control variable was included as an independent variable during the analysis of the full data set. Variables were allowed to enter/stay in the model at P<0.2. Taking into consideration the sample size of the iNO group, and the magnitude of the variation of the response in PaO 2 to iNO, we estimate that we would have been able to detect a 50% difference in response between the infants who had a good outcome (no BPD/ death) and those with a bad outcome (BPD/death) at 80% power, with a P-value of <0.05.
Prognostic algorithms were developed using CART analysis. CART models were created using AnswerTree software (SPSS, Chicago, IL, USA) that performed recursive partitioning and automatic selection of optimal cut points of variables. The same variables used for the stepwise logistic regression model (Table 1) including the treatment/control variable and the magnitude of response to iNO were used for the CART model development. The maximum tree depth was empirically set at 5 levels, with a minimum number of 40 observations in each parent (upper) node and 20 observations in each child (lower) node to reduce errors due to small sample sizes.
Results
The iNO and placebo groups were comparable, with the mean gestational age of 26 weeks (s.d.±2 weeks), and the birth weight approximately 840 g. 1 The rate of death or physiologic BPD was 76% in the iNO group, as compared with 78% in the placebo group. The rates of death (52% in iNO group vs 44% in placebo group) and of physiologic BPD in survivors (54% in iNO group vs 63% in placebo group) were also not statistically different.
Regression models
Randomization to receive iNO and the magnitude of response in PaO 2 to iNO were not identified as being associated with the outcome of death and/or BPD when all enrolled infants were analyzed (Table 2 ). Death and/or BPD was associated with lower birth weight, higher oxygen concentration (FiO 2 ) at enrollment, male gender, additional surfactant doses, higher OI, and outborn status ( Table 2 ). The variables selected by stepwise regression for the iNO group and control group were roughly comparable, but higher birth weight was significantly associated with lower Table 2 ).
CART models
Predictive variables that are more strongly associated with the outcome are shown higher on the decision tree ( Figure 1 ). Infants with birth weight >1072 g were less likely to develop death and/or BPD (53% death/BPD vs 83% for p1072 g). In infants >1072 g, an OI of 20 or more predicted worse outcome (77 vs 35% for OI of <20). For infants p1072 g, FiO 2 of 90% or more predicted worse outcome (92 vs 77% with FiO 2 <90). Infants with FiO 2 of 90% or more receiving two or more doses of surfactant had a worse outcome (97 vs 78%). The positive predictive value of this CART model was 82 at 95% sensitivity, with a negative predictive value of 65% and specificity of 32%. Randomization to the iNO group and the magnitude of response in PaO 2 to iNO were not identified as being associated with the outcome of death and/or BPD.
Discussion
The regression and CART models identified factors associated with death and/or BPD in premature infants with respiratory failure. The magnitude of improvement in PaO 2 in response to iNO was not found to be associated with death and/or physiologic BPD, indicating that the initial response to iNO in premature infants with severe respiratory failure may not be a good gauge of whether iNO should be continued. The main trial 1 did not demonstrate any benefit of iNO on BPD/death in these infants despite initial The treatment/control group allocation variable was used in the full data set analysis, and the response to iNO was used in analysis of the treatment group that received iNO.
Respiratory failure in prematurity N Ambalavanan et al improvement in oxygenation, and our study extends these observations by showing that even if there was a greater initial response to iNO, there was no reduction in death/BPD. In addition, we confirmed the previous finding that higher birth weight was a predictor in the iNO but not control infants. In general, both the regression and CART models identified smaller infants with a greater severity of illness as more likely to either die or develop BPD. While the findings that smaller and sicker infants have a worse outcome is not surprising, the CART analysis ranks the importance of these predictors and develops a prognostic algorithm using the predictors, which is a novel result of clinical relevance. The variables identified as important in these models and the optimal cut points for these variables may prove useful in riskstratifying premature infants with respiratory failure for future clinical trials. The models may also help in assessment of prognosis, in discussions with parents and in generating hypotheses that can be tested in clinical trials. The strengths of this study include the relatively large sample, recruitment from multiple tertiary care Neonatal Intensive Care Units and prospective data collection by trained observers. The outcomes of death or physiologic BPD at 36 weeks post-menstrual age are also relatively well defined. In addition, rather than empirical or expert-opinion derived decision trees, we used variables associated statistically with the outcomes of interest and cut points for continuous variables, which optimized discrimination between those with and without these outcomes. For example, cut points were identified at 1072 g for birth weight, 90% or more for FiO 2 and two or more doses of surfactant. The cutoff of 1072 g is closer to 1100 g rather than 1000 g, suggesting that infants who are between 1000 and 1100 g may not be extremely low birth weight by definition but may be at similar risk to extremely low birth weight infants. These cut points may prove useful in stratifying infants for future clinical trials, instead of using empirical criteria such as <1000 or <1250 g birth weight. A limitation is that despite the relatively large sample size for this population, it was not feasible to use a split-half cross-validation approach in which we could develop the model in half of the data set and test it in the other half. Therefore, these models need to be validated using other data sets. Also, it is difficult to distinguish between illness severity and aggressive therapy, as indicators of illness severity (for example, OI and FiO 2 ) primarily reflect the aggressiveness of therapy rather than the magnitude of underlying lung disease.
Other investigators have developed prediction models for BPD, which have also identified similar variables (lower birth weight or gestational age and increased severity of respiratory illness) as risk factors for BPD. [7] [8] [9] Recently completed trials of iNO in premature infants [2] [3] [4] indicate that iNO may benefit some premature infants, generally in less ill populations. However, infants evaluated in the current study were smaller and sicker with a very high oxygenation index, and a large proportion either died or developed BPD. Therefore, our models may be more suitable for use in premature infants with severe respiratory failure and may be less suitable for less sick infants. These models are suitable for risk stratification or assessment of prognosis but should not be a basis for decisions regarding withdrawal of support, unless validated on individual center data.
In any prognostic system, certain variables (for example, pH and PaCO 2 ) are relatively objective whereas others dependent on clinical examination or clinical judgment (for example, use of surfactant or high-frequency ventilation) may be subjective, leading to significant inter-center and inter-rater variation. Although the center variable was significantly associated with death and/or BPD by preliminary regression analysis, it was not included for the final analysis, as this limits generalizability of the Respiratory failure in prematurity N Ambalavanan et al prediction models, and the interpretation is limited as the clinical practices that lead to center variation are unknown.
The predictor variables that were selected by both regression models and the CART models were very similar, although the exact order in which they were identified was different. Regression analysis and classification tree models in head-to-head comparisons have a comparable performance. [10] [11] [12] Logistic regression is a standard statistical technique in medical literature and is useful in determining the magnitude of the association between each risk factor and the outcome. 12 However, estimation of the likelihood of poor outcome for individuals using the logistic regression equation is not practical in the clinical setting. The CART model may be simpler to use for clinicians and ancillary staff, as use of the model involves following a decision tree, which provides a qualitative answer (likely or not likely to develop death or BPD). An in-depth look at the variables selected by CART and by regression analysis provides new data for evaluation in future clinical studies. Birth weight was the variable that was most associated with outcome. This is consistent with the literature Figure 1 CART model for death/physiologic BPD. The dichotomous outcome of death or physiologic BPD at 36 weeks post-menstrual age is predicted by this decision tree. In each node (rectangle), the category '0' or '1' refers to the absence or presence of death/BPD, respectively, and the percentages and 'n' refer to the infants in each of the categories. The increment in positive predictive value with the variable under consideration is shown as the 'improvement' (for example, 0.09 ¼ a 9% increase in positive predictive value). BPD, bronchopulmonary dysplasia; CART, Classification and Regression Tree.
Respiratory failure in prematurity N Ambalavanan et al indicating that birth weight and gestational age perform better for predicting the combined outcome of BPD/death as compared to indices of respiratory failure. 13 Male gender was identified as a risk factor for death/BPD, confirming the increased susceptibility of premature male neonates to poor outcomes, which is well known. 14 A higher OI and mean FiO 2 are consistent with an increased severity of respiratory failure. A higher peak OI has been associated with death from respiratory failure in preterm infants, 13 term infants 15 and in older pediatric patients. 16 An earlier age at randomization was also associated with worse outcome. It is likely that extremely premature infants with an increased severity of respiratory distress syndrome would have been randomized earlier; hence, an earlier age of randomization may be consistent with an increased severity of respiratory failure, as are more surfactant doses. It is interesting to note that conventional ventilation (as compared to high frequency ventilation) was associated with a higher risk of death and/or BPD by regression analysis but not by CART analysis. The association of conventional ventilation with death and/or BPD was also identified in the post hoc analyses of the main trial.
1 This is consistent with meta-analyses demonstrating that although there is no convincing benefit to elective high frequency ventilation, 17, 18 there may possibly be some benefit with high frequency ventilation used for 'rescue' of infants with hypoxemic respiratory failure. 19, 20 In summary, stepwise regression and CART models identified variables and the optimal cut points of the variables that are associated with death and/or physiologic BPD in premature infants with severe respiratory failure. These models may prove useful in assessment of prognosis as well as in stratification of infants for future clinical trials. We also observed that the magnitude of initial response to iNO as used in the trial did not correlate with the outcome. Future studies are required to identify short-term indicators of response to iNO, if any, that may be associated with long-term benefit and can be used to adjust iNO dosing and duration.
